The gut microbiota is strongly associated with the well-being of the host. Its composition is affected by environmental factors, such as food and maternal inoculation, while the relative impact of the host's genetics have been recently uncovered. Here, we studied the effect of the host genetic background on the composition of intestinal bacteria in a murine model, focusing on lactic acid bacteria (LAB) as an important group that includes many probiotic strains. Based on 16S rRNA gene genotyping, variation was observed in fecal LAB populations of BALB/c and C57BL/6J mouse lines. Lactobacillus johnsonii, a potentially probiotic bacterium, appeared at significantly higher levels in C57BL/6J versus BALB/c mouse feces. In the BALB/c gut, the L. johnsonii level decreased rapidly after oral administration, suggesting that some selective force does not allow its persistence at higher levels. The genetic inheritance of L. johnsonii levels was further tested in reciprocal crosses between the two mouse lines. The resultant F1 offspring presented similar L. johnsonii levels, confirming that mouse genetics plays a major role in determining these levels compared to the smaller maternal effect. Our findings suggest that mouse genetics has a major effect on the composition of the LAB population in general and on the persistence of L. johnsonii in the gut in particular. Concentrating on a narrow spectrum of culturable LAB enables the isolation and characterization of such potentially probiotic bacterial strains, which might be specifically oriented to the genetic background of the host as part of a personalized-medicine approach.
The human digestive tract is a habitat for bacteria, which are 10-fold more abundant than the total number of human cells. Colonization of the gastrointestinal tract begins at birth, when the newborn is first exposed to the maternal microbiota, and continues thereafter via prolonged exposure to maternal and other environmental bacteria (13, 33) . Eventually, the adult gut microbiota will consist of hundreds to thousands of bacterial species. The composition of the intestinal microbiota is known to differ among individual hosts (6, 12, 14, 29) as a result of variations in environmental factors, such as food consumption, exposure to maternal bacteria during infancy, antibiotic intake, or other stochastic factors (8, 11, 16, 23, 28, 33, 36, 45) . However, the importance of the host's genetics in determining the intestinal microbiota has also been demonstrated in animal models, such as mice (3, 8, 15, 24, 48, 53) , as well as in humans (27, 50, 55) . The composition of the gut microbiota may be affected by genetically inherited components, such as the immune system major histocompatibility complex (MHC) (43) , as well as by intestinal surfaces, including the intestinal mucus, gut epithelial cells, and extracellular matrix. These intestinal surfaces are a target for bacterial adhesion, implying that variation in the surface-presented components may result in differential bacterial adhesion (17, 41, 46) . Along with the impact of host genetics on the composition of the gut microbiota, genetic biodiversity among bacterial strains may influence bacterial adhesion in particular and persistence in the gut in general (2, 10) , contributing to the complexity of host-bacterium interactions.
The intestinal microbiota is highly important for maintaining a healthy organism. Recent studies have shown a tight connection between the gut microbiota and different health disorders, such as inflammatory bowel diseases, atopic diseases, obesity, metabolic syndrome, intestinal cancers, and diabetes (1, 19, 32, 39, 44, 52, 53) . One important group of gut colonizers is the lactic acid bacteria (LAB), a heterogeneous group of Grampositive rods and cocci that belong to the phylum Firmicutes. There are indications of an association between oral administration of different LAB strains and improvement of gut health disorders, such as pouchitis, ulcerative colitis, infectious diarrhea, antibiotic-associated diarrhea, traveler's diarrhea, necrotizing enterocolitis, atopic eczema, and Helicobacter pylori infections (20-22, 26, 31, 54) . Lactobacillus is the largest genus in the LAB, composed of over 100 species and containing several probiotic strains (i.e., live microorganisms, which when administered in adequate amounts, confer health benefits on the host [ftp://ftp.fao.org/es/esn/food/wgreport2.pdf]), which are well characterized. The genus Lactobacillus is highly divergent but can nevertheless be divided into seven or eight groups (5) . One of them is the acidophilus group, which contains, among others, the bacterium Lactobacillus johnsonii. This species includes commensal, as well as probiotic, strains, such as L. johnsonii NCC533. The genome sequence of this strain reveals genes responsible for interactions with the host, as well as the absence of genes responsible for several important biosynthetic pathways, suggesting strong dependence on the host or on other microbes (38) . Such dependence might partially explain the variation in the abundance of L. johnsonii in the guts of different animal hosts (K. Buhnik-Rosenblau, V. Matsko-Efimov, M. Jung, H. Shin, Y. Danin-Poleg, and Y. Kashi, submitted for publication).
In a parallel study, we tested the variation in fecal LAB populations in animal hosts belonging to different taxonomic groups by using terminal restriction fragment length polymorphism (TRFLP) of 16S rRNA genes. These bacterial populations were found to vary with the host taxonomy (BuhnikRosenblau et al., submitted). Here, we concentrate on the host's subspecies level by comparing the intestinal LAB populations of two genetically diverse mouse lines, C57BL/6J and BALB/c, held under the same environmental conditions (food, cages, etc.). The intestinal LAB populations were analyzed by TRFLP, followed by precise strain typing for L. johnsonii using variable number tandem repeat (VNTR) and multilocus sequence typing (MLST). Our results suggest that mouse genetics plays a major role in determining L. johnsonii levels in particular and the composition of the LAB population in general.
L. johnsonii identification and colony hybridization. An L. johnsonii-specific probe was chosen by in silico screening of the L. johnsonii NCC 533 genome. Three genes not belonging to any cluster of orthologous genes (at http://www .ncbi.nlm.nih.gov/sutils/cogtik.cgi?giϭ382&cogϭϪ) were screened for uniqueness against all bacterial sequences using the Blastn algorithm (http://www.ncbi .nlm.nih.gov/BLAST/Blast.cgi). Gene LJ0244 (locus tag) was chosen as an L. johnsonii-specific locus. The probe was prepared by PCR amplification of L. johnsonii DNA isolated from C57BL/6J mice using LJ0244-specific primers (probLJ_F, 3Ј-CAAAAACCAACTTTCTATGTG-5Ј, and probLJ_R, 3Ј-TTAATAG TGGCTACCCATA-5Ј; annealing temperature, 51°C).
Colony hybridization was performed in two dilutions of fecal-bacterial population grown on m-Enterococcus agar plates that were selected based on the number of bacterial colonies, ranging from dozens to hundreds. The colonies were transferred to an Amersham Hybond Nϩ membrane (GE Healthcare) according to the manufacturer's instructions with minor modifications. Briefly, the membranes were placed on the plates and left for overnight incubation. Then, the membranes were denatured for 3 min and neutralized for 3 min twice, followed by agitation in 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) for 2 min or until the membranes were cleaned of cell debris. DNA was fixed to the membranes by UV radiation (0.15 J/cm 2 ). Hybridization was further performed using the Amersham AlkPhos Direct Labeling and Detection system with CDP-Star (GE Healthcare, Buckinghamshire, United Kingdom) according to the manufacturer's instructions. Briefly, the membranes were agitated in hybridization buffer (1 ml buffer per 30-cm 2 membrane) at 55°C for 15 min and then reacted with alkaline phosphatase-labeled L. johnsonii-specific probe (LJ0244; 4.2 ng labeled probe per 1-cm 2 membrane) overnight at 55°C. The membranes were washed twice with primary wash buffer (1 ml per 1-cm 2 membrane) at 55°C and then washed twice with secondary wash buffer (1 ml per 1-cm 2 membrane) at room temperature, followed by a 3-min exposure to CDP-Star substrate to produce a chemiluminescent reaction (1 ml substrate per 180-cm 2 membrane). The membranes were exposed to Kodak Biomax Light Film for 4 h, and L. johnsonii colonies were enumerated.
The specificity of L. johnsonii identification using the LJ0244 colony hybridization probe was confirmed by 16S rRNA gene sequencing and by PCR amplification using L. johnsonii-specific primers targeted to L. johnsonii 23S rRNA genes (LJ1_F, 3Ј-GTGAGAGCCCCGTAC-5Ј, and LJ1_R, 3Ј-CTACCACGCA TATAATATA-5Ј; annealing temperature, 51°C). Species-specific primers were designed based on the 23S rRNA gene sequences of lactobacilli available in the NCBI database. The forward primer was designed so that the last nucleotide at the 3Ј end was unique to L. johnsonii. The reverse primer was designed based on an L. johnsonii-specific probe (37) . Species-specific PCR amplification was performed directly on the colonies of the suspected L. johnsonii isolates.
PCR. Each PCR mixture contained 0.2 mM deoxynucleoside triphosphates, 0.4 M forward and reverse primers, 0.02 U of Taq polymerase (SuperNova; JMR Holding, Kent, England) per l, 1ϫ reaction buffer (containing 1.5 mM MgCl 2 ), and 5 l of 1:10 diluted crude DNA or, alternatively, spiked cells from a colony in a total volume of 25 l. The reactions were carried out in a Veriti 96-Well Thermal Cycler (Applied Biosystems) as follows: 95°C for 3 min; 30 cycles of 30 s at 95°C, 30 s at the annealing temperature, and 90 s at 72°C; 10 min at 72°C; and cooling to 12°C. PCR amplification products were verified by gel (1.2%) electrophoresis and observed by UV fluorescence.
Administration of L. johnsonii to mice. A feeding trial was performed following the method of Denou et al. (9) , with minor modifications. Briefly, all mouse groups received a fresh supply of erythromycin daily (catalog no. E0774; SigmaAldrich, Rehovot, Israel) at 10 g/ml through the drinking water for 3 days to decrease the endogenous gut microbiota. Then, a fresh culture of L. johnsonii isolated from C57BL/6J mouse feces (termed L. johnsonii 16) was administered to the mice by intragastric gavage at 10 9 CFU in 200 l. This was performed once a day for 3 days for each BALB/c and C57BL/6J experimental group. Feces samples from all mouse groups were collected; the first sampling was performed right before the first antibiotic administration (day Ϫ2), and 11 additional samplings were conducted daily, starting just before the first feeding. Bedding was renewed daily in all cages until day 1 to prevent exposure to fecal bacteria during the antibiotic treatment or possible exposure to remnants of antibiotics on the first feeding day.
In preliminary experiments conducted to test the resistance of fecal LAB populations to erythromycin, the MIC was determined for a pure culture of L. johnsonii 16 and for fecal bacteria of either C57BL/6J or BALB/c mice in MRS broth (De Man Rogosa and Sharp; Oxoid, Hampshire, United Kingdom) for growth of total LAB. The observed MICs were 2 g/ml, 4 g/ml, and 1 g/ml, respectively. Cultures incubated for 20 h with erythromycin concentrations above the MICs did not show regrowth of any bacteria on MRS agar, indicating bacterial death rather than growth inhibition. In vivo resistance of intestinal LAB populations to erythromycin was tested at erythromycin concentrations of 5 and 10 g/ml, both resulting in similar decreases in the tested fecal-bacterial population.
Growth kinetics. Six lyophilized isolates from C57BL/6J and BALB/c mice were subcultured twice in 5 ml of MRS broth and grown aerobically at 37°C for 20 h. For the kinetics experiments, cultures were diluted 1:100 in fresh MRS broth and placed in a 96-well plate (200 l from each culture in 8 replications). Experiments were conducted in a Bio-Tek Synergy HT Multi-Detection Microplate Reader (MTX Lab Systems, Inc., Vienna, VA) at 37°C for 24 h under slow agitation, with a reading every 15 min.
Data analysis. For the TRFLP analysis, reproducible peaks with an average peak area larger than 1% of the summed area of all peaks were designated major peaks. Quantitative analysis of L. johnsonii by colony hybridization was performed in duplicate: the values for L. johnsonii levels in all experiments are expressed as average values.
L. johnsonii levels, L. johnsonii direct counts, and total counts for the two mouse lines and genders were compared by two-way analysis of variance (ANOVA), followed by means separation by Tukey's honestly significant difference (HSD) test using the statistical software JMP 8 (2008 version; SAS Institute Inc., Cary, NC). Significantly different groups (␣ ϭ 0.05), as determined by a Tukey test, are indicated. For the feeding trial, ANOVA was used to compare L. johnsonii fractions, direct counts, and total bacterial counts among the experimental and control groups of the two mouse lines during all experiments and on days 4 through 10. ANOVA was carried out for analysis of L. johnsonii levels in F1 hybrid mice and parental lines, as the gender parameter was nonsignificant by two-way ANOVA.
Nucleotide sequence accession numbers. Nucleotide sequence data determined in the present study have been submitted to the GenBank database under the following accession numbers: 16S rRNA gene sequences of Enterococcus hirae (2 sequences), Lactobacillus intestinalis, L. johnsonii (L. johnsonii 16), and Enterococcus faecalis, JF923641, JF923642, JF923643, JF923644, and JF923645, respectively; E. hirae rpoA, JF923647; L. johnsonii-specific probe (LJ_0244), JF923646; and L. johnsonii 16 (similar to eight clones from C57BL/6J and BALB/c mice) at the three "conserved hypothetical" genes, JN012106, JN012145, and JN012184.
RESULTS
Profile of fecal LAB populations and L. johnsonii levels in C57BL/6J and BALB/c mice. We tested the variation in the gut microbiota between C57BL/6J and BALB/c mouse lines, concentrating on the fecal-bacterial subpopulations that grow on m-Enterococcus agar. This agar was chosen as a highly selective medium that enables the growth of a limited number of bacterial species. Experiments were applied to a total of 50 C57BL/6J mice and 33 BALB/c mice over a 2-year period.
Fecal samples from the two mouse lines were collected from five individual 5-to 7-week-old mice and pooled to minimize the variation between individuals. TRFLP analysis of the bacterial population revealed different patterns for C57BL/6J and BALB/c mouse lines, based on two biological replications. These results were highly reproducible regardless of the mouse origin: mice obtained from Harlan Laboratories Ltd. and selfbred mice presented similar patterns. Generally, the TRFLP patterns consisted of three major peaks: 74 bp, 189 bp, and 566 bp (Fig. 1) . Minor peaks were excluded from the analysis in order to focus on the main bacterial species composing the FIG. 1. TRFLP patterns of fecal LAB populations obtained from C57BL/6J and BALB/c mice. LAB were grown on m-Enterococcus agar under anaerobic conditions. DNA fragments were observed using fluorescent 6-carboxyfluorescein (FAM)-labeled primer for 16S PCR amplification, followed by digestion with MspI restriction enzyme and fragment size analysis using an ABI 3130 genetic analyzer. The sizes of specific fragments are given.
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on October 15, 2017 by guest http://aem.asm.org/ bacterial population isolated from each line. To identify the bacterial species corresponding to each of the peaks, representative colonies were analyzed for their 16S terminal restriction DNA fragments (TRFs), followed by 16S rRNA gene sequencing. The 566-bp TRFLP peak was found to represent E. faecalis, the 189-bp peak represented L. johnsonii, and the 74-bp peak represented bacterial species belonging to the Enterococcus faecium cluster. Precise species identification based on sequencing of the housekeeping gene rpoA (34) revealed that the isolated species was E. hirae. The TRFLP patterns suggested that L. johnsonii was consistently present in bacterial populations originating from C57BL/6J mice, whereas it was nearly absent in BALB/c mice. Higher levels of E. hirae were present in BALB/c mice than in C57BL/6J mice. E. faecalis was generally present at low levels in both mouse lines (Fig. 1 ).
Males and females within each line showed similar patterns with slight nonsignificant differences. The TRFLP patterns of bacterial populations grown under both aerobic and anaerobic conditions were similar, with the exception of a 181-bp peak, representing L. intestinalis, which appeared in C57BL/6J mice only after anaerobic incubation. The most significant variation between mouse lines was in L. johnsonii, which was highly abundant in C57BL/6J relative to BALB/c mice, and we therefore chose to focus on this species in further experiments. Quantitative estimation of the relative abundance of L. johnsonii in fecal samples from the two mouse lines, C57BL/6J and BALB/c, was performed by hybridization of L. johnsonii-specific probe (corresponding to the LJ0244 gene) to colonies grown on m-Enterococcus agar. The results were based on three biological replicates in which females and males were sampled separately. Hybridizations were performed in duplicate for each fecal sample. C57BL/6J mice were found to contain significantly higher levels of L. johnsonii in their feces than BALB/c mice (Fig. 2) , analyzed either as direct L. johnsonii counts or as their fractions of the total counts (F ϭ 6.079, P ϭ 0.0025, and F ϭ 17.867, P Ͻ 0.0001, respectively; two-way ANOVA of gender and line). Both direct colony counts of L. johnsonii and their fraction of the total bacterial counts were 10-fold higher in C57BL/6J mice (1.7 ϫ 10 7 Ϯ 0.4 ϫ 10 7 CFU/g feces and 0.36 Ϯ 0.04, respectively) than in BALB/c mice (7.6 ϫ 10 5 Ϯ 3.5 ϫ 10 5 CFU/g feces and 0.04 Ϯ 0.02, for L. johnsonii counts and their fraction, respectively). In contrast, the total bacterial counts were highly variable, with nonsignificant differences between mouse lines and genders (F ϭ 2.002, P ϭ 0.1365). Thus, we chose to further refer to the parameter of L. johnsonii proportions, normalizing the variable total counts. Slight differences were observed between genders (F ϭ 4.25, P ϭ 0.0487), with the females always presenting a higher fraction of L. johnsonii than the males; nevertheless, the mouse line had the major effect (F ϭ 41.36, P Ͻ 0.0001). Comparison of all means by Tukey HSD analysis further confirmed that the significant differences in L. johnsonii levels are indeed between the two mouse lines (Fig. 2) (␣ ϭ 0.05) .
Strain typing of L. johnsonii isolates from C57BL/6J and BALB/c mice. Since host-bacterium interactions are highly dependent on the bacterial strain, we tested whether both mouse lines carry the same L. johnsonii clone by strain genotyping. Four representative L. johnsonii colonies were isolated from each mouse line and identified as L. johnsonii using speciesspecific PCR amplification of 23S rRNA genes. Further confirmation was achieved by sequencing of the 16S rRNA genes (1,534 bp) and of 258 bp of the LJ0244 gene. Precise typing was achieved using multilocus sequence typing (MLST) at three conserved hypothetical genes and VNTR (or simple sequence repeat [SSR]) analysis at 11 genomic loci. Both MLST and VNTR analysis were found to be useful for fine discrimination among L. johnsonii from various hosts, as described elsewhere (Buhnik-Rosenblau et al., submitted).
Two strategies were used to characterize the genetic variation among L. johnsonii isolates: sizing for the 10 VNTR (SSR) loci using gel or capillary electrophoresis and sequencing for one VNTR locus with a motif size of 1 bp and for three conserved hypothetical genes. Variation analysis of the eight isolates from C57BL/6J and BALB/c mice at the 11 VNTR loci and the three conserved hypothetical genes revealed identical results, i.e., all isolates presented the same alleles or identical sequences in each of the tested genomic loci. This genotyping identity was in contrast to the high variation found among 47 isolates from diverse origins, showing 2 to 10 alleles in the tested VNTR loci and 10 to 24 sequence types at each conserved hypothetical gene (Buhnik-Rosenblau et al., submitted). An additional 21 L. johnsonii isolates from both mouse lines were tested for polymorphism at the two most polymorphic VNTR loci, giving identical alleles for all isolates at both loci (data not shown). These typing results supported the similarity of L. johnsonii clones isolated from the two mouse lines. In addition, the growth rates of isolates from C57BL/6J and BALB/c mice were further compared in 8 replications. Similar growth rates were observed for isolates from the two mouse lines, presenting an average growth rate of 0.79 Ϯ 0.04 h Ϫ1 and 0.78 Ϯ 0.05 h Ϫ1 for isolates originating in C57BL/6J and BALB/c mice, respectively (ANOVA, F ϭ 0.7084, P ϭ 0.404). These results further supported the similarity of L. johnsonii clones isolated from the two mouse lines.
L. johnsonii gut persistence in a feeding experiment. To test whether variation in the gut persistence of L. johnsonii is responsible for the observed difference in L. johnsonii abundance in the fecal samples from the two mouse lines, we performed a force-feeding experiment with L. johnsonii.
The feeding trial included one experimental and one control group for each of the mouse lines. All mouse groups received erythromycin prior to L. johnsonii administration to the experimental groups following the method of Denou et al. (9) . Antibiotics were used prior to the feeding to decrease the normal mouse gut microbiota, especially the endogenous LAB population that might compete with L. johnsonii for the same niches. In a preliminary test, the fecal culturable LAB populations from the two mouse lines and the endogenous L. johnsonii (L. johnsonii 16) were found to be susceptible to erythromycin by MIC determination in vitro. Twelve feces samplings were conducted during the feeding experiment. Quantification of L. johnsonii levels in each sample was performed in duplicate by colony hybridization (see above). The results showed that 10 g/ml erythromycin given to mice via the drinking water generally decreased the LAB populations grown on mEnterococcus agar in half orders of magnitude to ϳ10 5 CFU/g feces (see Table S1 in the supplemental material). The same results were obtained in the preliminary experiment run with different individual mice. L. johnsonii direct counts, as well as their proportions of the total counts in C57BL/6J mice during the feeding trial, were high and were similar in both control and experimental groups (Fig. 3) (1.5 ϫ 10 6 Ϯ 0.4 ϫ 10 6 and 1 ϫ 10 6 Ϯ 0.2 ϫ 10 6 CFU/g feces and proportions of 0.63 Ϯ 0.05 and 0.65 Ϯ 0.05 for control and experimental groups, respectively). In contrast, BALB/c mice presented wide differences between control and experimental groups: L. johnsonii direct counts and their proportion of the control BALB/c mice remained low during the entire trial (Ͻ 10 4 CFU/g feces and 0.002 Ϯ 0.002, respectively) (see Table S1 in the supplemental material), while the BALB/c experimental group presented a sharp increase in L. johnsonii levels immediately after the first feeding (Fig. 3, day 1) (1.9ϫ 10 6 CFU/g feces of L. johnsonii and a proportion of 0.85), which rapidly decreased to the basic low level (Fig. 3) . Further analysis of L. johnsonii fractions following the feeding (on days 4 to 10) using ANOVA revealed significant differences only between mouse lines and not between experimental and control groups (F ϭ 56.0, P Ͻ 0.0001). In contrast, the total counts showed nonsignificant differences among all mouse groups. These results further indicated that variation in the persistence of L. johnsonii between mouse lines might have a genetic basis.
L. johnsonii levels in F1 offspring of reciprocal C57BL/6J ؋ BALB/c crosses. To confirm that L. johnsonii levels are mainly determined by host genetic factors rather than exposure to the maternal microbiota, we tested C57BL/6J ϫ BALB/c reciprocal crosses. Basically, the reciprocal hybrids are genetically similar (except for maternally inherited elements), whereas during and following birth, the F1 mice are exposed to either C57BL/6J or BALB/c maternal microbiota. The levels of L. johnsonii in fecal samples of the F1 hybrids were quantified in quadruplicate by colony hybridization (see above), and the average proportion of L. johnsonii was calculated. The values obtained were compared with L. johnsonii levels of the parental lines C57BL/6J and BALB/c. ANOVA was performed to test the difference in L. johnsonii levels among the genetic groups, as nonsignificant differences were observed between genders (two-way ANOVA, F ϭ 3.63, P ϭ 0.064). The results showed significant differences among BALB/c, C57BL/6J, and F1 hybrids of the reciprocal crosses (F ϭ 13.8513, P Ͻ 0.0001). Comparison of all means by Tukey HSD analysis showed significantly lower L. johnsonii proportions in the parental BALB/c line than in the two F1 hybrids and the parental C57BL/6J line (Fig. 4) (␣ ϭ 0.05) . The proportions of L. johnsonii were similar between hybrids of the cross ǨC57BL/ 6J ϫ (BALB/c and the reciprocal cross ǨBALB/c ϫ (C57BL/6J, presenting an average of 0.27 Ϯ 0.06 and 0.22 Ϯ 0.05, respectively (Fig. 4) . Slightly higher L. johnsonii proportions were observed for the parental line C57BL/6J (0.36 Ϯ 0.04). These results indicated that mouse genetics is the major parameter determining the levels of L. johnsonii, whereas the maternal effect is relatively low. Comparison of L. johnsonii proportions between the BALB/c parental line and the offspring of a ǨBALB/c ϫ (C57BL/6J cross, which differ only in their paternal genetics, showed highly significant differences of almost 1 order of magnitude (0.04 Ϯ 0.02 and 0.22 Ϯ 0.05, respectively). Analysis of L. johnsonii direct counts revealed equivalent results. C57BL/6J presented significantly higher L. johnsonii counts (F ϭ 12.1841, P Ͻ 0.0001), and the two F1 hybrids of the reciprocal crosses presented similar low levels (1.0 ϫ 10 6 Ϯ 0.6ϫ 10 6 and 0.6 ϫ 10 6 Ϯ 0.2 ϫ 10 6 CFU/g feces for the cross ǨC57BL/6J ϫ (BALB/c and the reciprocal cross ǨBALB/c ϫ (C57BL/6J, respectively) resembling the BALB/c L. johnsonii counts (see above). All the above data 
DISCUSSION
An increasing number of studies are indicating a role for host genetics in determining the gut microbiota composition. Here, we show a major effect of a mouse's genetics on its intestinal-bacterial population, focusing on a narrow spectrum: LAB at the species and strain level. Mouse feces were assigned to represent the murine gut microbiota. Both mucosa and feces are commonly used to study intestinal-microbiota profiles, presenting distinct bacterial populations (14, 57) . While the mucosa mainly contains mucosa-associated bacteria, feces were previously postulated to represent a combination of shed mucosal bacteria and a separate nonadherent luminal population (14) . Fecal communities were previously shown to be host specific (3, 14) and stable (56) , and their use further allows monitoring of the gut microbiota of the same individual over time. Here, we chose m-Enterococcus agar as a highly selective medium that enables the growth of a limited number of bacterial species. Indeed, this narrow spectrum allowed us to specifically isolate and identify four bacterial species that display variation in the fecal-bacterial population.
C57BL/6J and BALB/c mice showed highly reproducible variation in their fecal LAB populations (Fig. 1) , as analyzed by TRFLP. The same variation was observed between these inbred lines regardless of mouse origin (commercial source or self-breeding), indicating that the composition of the gut LAB population is genetically controlled. Similarly, a previous study observed variation in the cellular fatty acid profiles of the intestinal-bacterial population between these two mouse lines, indicating that mouse genetics has an influence on the gastrointestinal microbiota (48a). Four bacterial species were found to dominate mouse feces in the bacterial spectrum tested here. E. faecalis was present in both mouse lines, whereas levels of L. johnsonii, L. intestinalis, and E. hirae were found to differ between the two mouse lines. Both L. johnsonii and L. intestinalis dominated in C57BL/6J versus BALB/c mice. Quantitative analysis of L. johnsonii in mouse feces by colony hybridization using an L. johnsonii-specific probe demonstrated that the levels of L. johnsonii in BALB/c mice are an order of magnitude lower than in C57BL/6J mice (Fig. 2) , further confirming the significant differences observed in L. johnsonii levels between inbred mouse lines with diverse genetic backgrounds. In contrast to C57BL/6J mice, which presented high levels of both L. johnsonii and L. intestinalis, BALB/c mice presented high levels of E. hirae, indicating that these taxonomically related bacterial species might compete for the same niche or have similar metabolic functions.
The observed variation in the compositions of intestinalbacterial species from genetically diverse hosts has been previously observed in humans (11, 12) , where it was claimed that the combination of bacterial species and strains is unique to each individual, calling for precise identification of the isolated bacterial strains. Strain identification is highly important, as different strains belonging to the same bacterial species might vary in their abilities to persist in the gut of a specific host. Denou et al. (10) previously showed that different L. johnsonii strains vary significantly in their gut residence times after oral feeding of mice having a single genetic background. Indications of strain-dependent persistence have also been found in other bacterial species (2, 35) . In Lactobacillus reuteri, phylogenic analysis of strains revealed host-specific clusters. Moreover, in a feeding trial, administering a mixture of L. reuteri strains from various origins to germ-free mice resulted in better persistence of the mouse and rat isolates, suggesting hostspecific ecological fitness up to the strain level (35) . Strain characterization was conducted on L. johnsonii, a potentially probiotic bacterium (38) that was found here to populate the gut of C57BL/6J mice at higher levels than in BALB/c mice. Molecular typing of L. johnsonii was performed by MLST and VNTR analysis, widely used methods for strain typing and for epidemiological studies in many bacterial species (4, 7, 47, 49) . Both VNTR and MLST of conserved hypothetical genes did not discriminate between strains isolated from the two mouse lines, in contrast to the high discrimination that we had achieved among other L. johnsonii strains isolated from various hosts in general and mice in particular (Buhnik-Rosenblau et al., submitted). The identical genotyping results obtained at 14 genomic loci, including VNTR, known as highly polymorphic genetic markers as a result of their relatively high mutation rate (51) , indicates that the isolates from the two mouse lines are similar and cannot be distinguished. In addition, strains from both mouse lines presented similar growth rates. All the above data suggest that the two mouse lines carry the same L. johnsonii strain. Nevertheless, only a comparison of the complete bacterial genomic sequences can give unequivocal proof of their similarity. Our results indicate that the same L. johnsonii strain might coevolve with the two mouse lines, which in turn suggests that its differential persistence in the guts of C57BL/6J and BALB/c mice is a result of the genetic variation between these mouse lines rather than genetic variation in L. johnsonii. In order to test L. johnsonii's ability to persist in the guts of BALB/c and C57BL/6J mice, the two mouse lines were force fed the same L. johnsonii strain, in addition to their conventional diet. Mice received antibiotic treatment prior to the feeding to give L. johnsonii a better chance of integrating into the gut bacterial population. The results demonstrated that fecal levels of L. johnsonii in C57BL/6J mice are not influenced by feeding, as L. johnsonii levels in both experimental and control groups were high and generally similar. However, in BALB/c mice after the feeding, L. johnsonii levels in the experimental group immediately increased and rapidly decreased to the initial low level observed in the control group throughout the trial (Fig. 3) . This suggests that there is some selective force preventing L. johnsonii's persistence at higher levels in the guts of BALB/c mice. In contrast, the high levels of L. johnsonii in C57BL/6J mice indicate that it can persist in that host's genetic background. Taken together, the results suggest that the variation in persistence ability of L. johnsonii between the two mouse lines has a genetic basis. Nevertheless, the following environmental factors may also influence L. johnsonii persistence.
The maternal microbiota is an additional factor that may differentially influence L. johnsonii levels, as each BALB/c or C57BL/6J mouse is exposed to a different maternal microbiota at an early stage of its life. The gut microbiota is known to be dynamic in the early stages of life, as the young mammal is exposed to the maternal microbiota starting at birth (36) , and to become relatively stable at later stages (30, 56) . To test the effects of the maternal microbiota on the bacterial populations of the two mouse lines, they were subjected to reciprocal crosses. The F1 offspring of the two crosses had the same genetics but differed in their maternally inherited genetic elements, as well as in exposure to different maternal microbiotas. The resultant reciprocal F1 groups presented similar levels of L. johnsonii (Fig. 4) , suggesting that L. johnsonii levels are governed mainly by mouse genetics rather than by the maternal microbiota or by other maternal effects. Both reciprocal F1 groups showed high proportions of L. johnsonii, like those in the C57BL/6J mice and much higher than those in the BALB/c mice, suggesting that in the F1 mice, L. johnsonii is allowed to persist, as in C57BL/6J mice. Furthermore, comparing mice with the same maternal parent (BALB/c) but different genomic contents revealed significantly higher L. johnsonii levels in F1 offspring of the C57BL/6J male parent than in those of the BALB/c male parent (i.e., BALB/c mice). The results clearly demonstrated that changing the paternal genetics results in a dramatic change in L. johnsonii levels, further confirming that the mouse's genetic background is the major parameter in determining fecal levels of L. johnsonii, whereas the maternal effect is relatively small. The use of F1 reciprocal crosses provided clear proof of the strong impact of the mouse genetic background on L. johnsonii levels in BALB/c and C57BL/6J inbred lines. The genetically inherited levels of L. johnsonii observed here might be a result of different kinds of interactions between L. johnsonii and the host. These may include direct interplay with the host, like adhesion of L. johnsonii to the mouse gut, as well as indirect host-bacterium interplay, such as interaction of L. johnsonii with other intestinal bacteria. Ongoing genome sequencing of L. johnsonii 16 conducted in our laboratory revealed the presence of genes responsible for increased gut persistence, such as the gene LJ1680, which was previously found to affect the gut persistence of L. johnsonii NCC 533 in a murine model (10) . Comparison of this gene between the above-mentioned genomes revealed 75% amino acid identity (in a region of 1,020 amino acids). The presence of such genes in L. johnsonii 16 may support direct interaction with the mouse gut; however, the interaction is dependent on the host genetics. The findings presented here are further supported by numerous studies indicating the influence of the host's genetics on its gut microbiota, conducted with animal models and humans (8, 24, 27, 42, 48, 50, 53, 55) . Eighteen host quantitative trait loci were identified in an advanced intercross mouse line originating from a cross between C57BL/6J and an ICR mouse line-derived outbred line (HR) showing linkage with the relative abundance of specific microbial taxa. Among these, the L. johnsonii-Lactobacillus gasseri group was found to segregate with two genomic loci on murine chromosomes 7 and 14 (3) . That study and others made use of novel DNA-sequencing techniques that provide a broad view of the gut microbiome (18, 39) . However, concentrating on the narrow spectrum of LAB enables the isolation and characterization of potentially probiotic bacterial strains. The culturedependent approach used here enabled the isolation of a potentially probiotic strain belonging to L. johnsonii, a species that is already used in industry. Furthermore, such an approach is expected to provide insight into the highly specific host-bacterium interactions, down to the subspecies level of both host and bacteria. Indeed, our results present a highly specific interaction between the mouse genetic background and a specific L. johnsonii strain.
In conclusion, our findings suggest that mouse genetics has a major effect on determining the composition of LAB populations in general and the gut persistence of L. johnsonii, a potentially probiotic bacterial species, in particular. Environmental factors had relatively small or undetectable effects on the levels of the tested bacteria. Finding LAB strains with specificity for host genetics in a murine model, as demonstrated here, could lead to the discovery of genes in both the bacterium and its host that may be involved in bacterial persistence in the gut. Such a discovery is expected to have a major impact, especially with respect to health-promoting bacteria (i.e., probiotics), and could lead to future development of probiotic products specifically oriented to the consumer's genetics as part of the personalized-medicine approach.
